Abstract. Wnt proteins are a group of secreted signaling proteins, which function to regulate cell fate and pattern formation during embryogenesis. Altered expression of Wnt5a has been implicated in human carcinogenesis and tumor progression. A previous study identified that Wnt5a is overexpressed in human pancreatic cancer tissues, and that upregulated expression of Wnt5a promotes tumor cell migration and invasion. The present study investigated the role of Wnt5a in pancreatic cancer cell proliferation in vitro and in an orthotopic nude mouse model. Wnt5a cDNA or small interfering RNA were stably transfected into pancreatic cancer cells to assess cell proliferation-associated behaviors, including cell viability, colony formation and apoptosis in vitro, as well as tumor cell growth in an orthotopic nude mouse model. Western blot analysis was used to analyze the expression of Wnt signaling molecules. The data showed that upregulation of the expression of Wnt5a significantly promoted proliferation of the human pancreatic cells, but inhibited tumor cell apoptosis in vitro and promoted tumor growth in an orthotopic nude mouse model. By contrast, knockdown of the expression of Wnt5a inhibited cell growth and promoted apoptosis of the pancreatic cancer cells. The data also revealed that β-catenin mediated the effects of Wnt5a on the regulation of pancreatic cancer cell apoptosis in vitro. These results suggested that Wnt5a is involved in the modulation of pancreatic cancer cell proliferation, and that Wnt5a may be a potential target for pancreatic cancer therapy.
Introduction
Pancreatic cancer is a significant worldwide health problem, with an estimated 277,000 new cases, and a cancer-associated mortality rate of 266,000 annually worldwide (1) . The majority of patients with pancreatic cancer are diagnosed at advanced stages of the disease (2), at which tumor tissues are surgically unresectable and chemotherapy is mostly ineffective, leading to a 5-year survival rate of ~ 4% (3) . Thus, there is a significant and urgent requirement to elucidate the molecular mechanisms that mediate pancreatic cancer development and progression, in order to effectively control and prevent this life-threatening disease. The development of pancreatic cancer, as with other types of cancer in the gastrointestinal tract, involves multiple genetic alterations, including oncogene activation and tumor suppressor gene dysfunction. Over the past three decades, a large body of evidence has accumulated regarding the molecular alterations associated with the development of pancreatic cancer (4) (5) (6) . These disparate observations have coalesced somewhat into an improved understanding of this disease, however, further investigation is required to provide early cancer identification and novel treatment strategies for pancreatic cancer.
The present study focused on Wnt signaling proteins in pancreatic cancer. Wnt consists of a large family of secreted lipid-modified glycoproteins, which regulate numerous processes in animal development (7) and normal cell processes, including cell growth, differentiation, apoptosis, migration and cell polarity (8) . Each member of the Wnt family of proteins exhibits unique expression patterns and has distinct functions in embryonic development and normal cell homeostasis (9) . Based on their ability to induce transformation of the mouse mammary epithelial cell line, Wnt proteins are divided into two functional groups, canonical and noncanonical Wnt (10) . Wnt5a is classified as a member of the noncanonical Wnt family, is crucial for embryonic development and has been implicated in several human diseases (11) (12) (13) . Previous studies have demonstrated that Wnt5a is important in the progression of various types of human cancer (14) (15) (16) ; however, the particular signaling and physiological function of the Wnt5a protein in pancreatic cancer remains to be elucidated. Our previous study identified that Wnt5a protein is expressed at high levels in human pancreatic cancer tissues, and that upregulation of Wnt5a promotes epithelial-to-mesenchymal transition and metastasis of pancreatic cancer cells (17) . On the basis of these data, the aim of the present study was to characterize the role of Wnt5a in the proliferation of pancreatic cancer cells, and to elucidate the signaling events of the Wnt5a protein.
Materials and methods
Cell lines and culture. Human PANC-1 and BXPC-3 pancreatic cancer cell lines were obtained from the Institute of Cellular Research, Chinese Academy of Science (Shanghai, China) and routinely cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 U/ml streptomycin (all from Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C in 5% CO 2 . The medium was replaced every third day.
Gene transfection into pancreatic cancer cells. Plasmids carrying Wnt5a cDNA were constructed by the subcloning of Wnt5a cDNA into a pcDNA3.1 vector (Invitrogen; Thermo Fisher Scientific, Inc.) with double restriction enzyme (XbaI and BamHI; Invitrogen; Thermo Fisher Scientific, Inc.) digestion. Subsequently, the pcDNA3.1-WNT5A vector or empty pcDNA3.1 vector was transfected into the PANC-1 and BXPC-3 cells (60-80% confluent) using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. To establish cells stably overexpressing Wnt5a, the cells were selected in G418-containing medium (1,000 µl/ml for PANC-1 and 400 µl/ml for BXPC-3 cells; Invitrogen; Thermo Fisher Scientific, Inc.). Following 2-3 weeks of G418 selection (37˚C in 5% CO 2 ), single cell clones were isolated, expanded and screened for the expression of Wnt5a using immunoblot analysis.
To knock down endogenous expression of Wnt5a in the pancreatic cancer cells, the present study utilized small interfering RNA (siRNA) technology, using the target sequence, 5'-GTT TTG GCC ACT GAC TGA-3'. The Wnt5a siRNA expression cassette (FuNeng Biotech Co., Ltd., Guangzhou, China) was subcloned into a pcDNA6.2 vector (Invitrogen; Thermo Fisher Scientifc, Inc.), following which the pcDNA6.2-WNT5A-siRNA vector or the pcDNA6.2 control vector was transfected into the PANC-1 and BXPC-3 cells (60-80% confluent) using Lipofectamine 2000, according to the manufacturer's protocol. Blasticidin (Merck Millipore GmbH, Darmstadt, Germany) was used to screen resistant cell clones (4 µg/ml for PANC-1 and 2 µg/ml for BXPC-3 cells). Stable clones were confirmed by immunoblot analysis.
In addition, β-catenin and control siRNA were obtained from GenePharma Company (Shanghai, China) to knock down the expression of β-catenin. The β-catenin or control siRNA (20 nM) was then transfected into the pancreatic cancer cells and, after 24 h culture at 37˚C in 5% CO 2 , 200 ng of recombinant human Wnt5a peptide (Abcam) was added to the cell culture. The expression levels of nuclear β-catenin were detected by immunoblot analysis.
Western blot analysis. The cells were lysed in lysis buffer (Invitrogen; Thermo Fisher Scientific, Inc.), and the proteins were separated on 10% SDS-PAGE (Shenggong Biotech Co., Ltd., Shanghai, China) prior to being transferred onto 0.45 µm pore polyvi nylidene difluoride membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were probed with the following primary antibodies: Rabbit polyclonal anti-Wnt5a (1:1,000; cat. no. ab72583; Abcam, Cambridge, MA, USA), mouse monoclonal anti-glyceraldehyde-3-phosphate dehydro genase (GAPDH; 1:3,000; cat. no. KC-5G4; Kangchen Biotech, Inc., Shanghai, China), rabbit monoclonal anti-β-catenin (1:1,000; cat. no. ab32572; Abcam) and rabbit polyclonal anti-lamin A/C (1:1,000; cat. no. sc-20681; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Subsequently, the membrane was washed once in 1X TBS (1X Tris-buffered saline: 50 mM Tris-HCl, pH 7.4; 150 mM NaCl; Shenggong Biotech Co., Ltd.) and three times in 1X TBS-T buffer (1X TBS containing 0.1% Tween 20; Shenggong Biotech Co., Ltd.). The goat polyclonal anti-rabbit (1:5,000; cat. no. ab6720; Abcam) or goat monoclonal anti mouse (1:5,000; cat. no.ab197767; Abcam) secondary antibodies were added in blocking solution (3% nonfat dry milk in TBS-T buffer) and the membranes were shaken for 2 h at room temperature. Reactive proteins were detected using enhanced chemiluminescence (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). The intensity of each band was measured by densitometric analysis using the Quantity One software (Bio-Rad Laboratories, Inc.).
Cell viability assay. The stable PANC-1 and BXPC-3 cells exhibiting Wnt5a overexpression or knockdown were seeded into a 96-well plate at 1x10 3 cells/well and maintained in G418-conditioned medium, with eight replicate wells used for each group. After 24, 48, 72, 96, 120, 144 and 168 h of cell culture at 37˚C in 5% CO 2 , 400 µg/ml of methylthiazolyldiphenyl-tetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO, USA) was added to each well, and the cells were incubated for an additional 4 h at 37˚C. Subsequently, solubilization was performed using 150 µl dimethyl sulfoxide (DMSO; Tiangen Biotech Co., Ltd., Beijing, China) and incubated at 37˚C in 5% CO 2 for 20 min. The optical density was then measured using a spectrophotometer (Ultrospec K; Biochrom, Ltd., Berlin, Germany) at a wavelength of 570 nm. The optical density values of each experiment were plotted to determine the cell viability curve. The experiment was repeated three times.
Tumor cell colony formation assay. For the clonogenic assay, the BXPC-3 and PANC-1 cells exhibiting Wnt5a overexpression or knockdown were plated at a density of 1,000 viable cells/well in six-well plates and cultured for 14 days in a 37˚C incubator. The cells were then washed with phosphate buffered saline (PBS; Invitrogen; Thermo Fisher Scientific, Inc.), fixed with a mixture of methanol (MingRui Biotechnology Co., Ltd., Shanghai, China) and acetic acid (1:1 ratio; MingRui Biotechnology Co., Ltd.) and then stained with 1% crystal violet (MingRui Biotechnology Co., Ltd.). The colonies containing >50 cells were counted under an inverted microscope (DMI3000B; Leica Microsystems GmbH, Wetzlar, Germany). The assay was performed in triplicate and repeated once.
Flow cytometric analysis of apoptosis. Tumor cell apoptosis was detected using flow cytometry using an Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (cat. no. MR-KA020) from MingRui Biotechnology Co. Ltd., according to the manufacturer's protocol. Briefly, near-80% confluent PANC-1 and BXPC-3 cells were harvested using 0.25% trypsin (MingRui Biotechnology Co., Ltd.), washed twice in PBS and resuspended at a density of 1x10 6 viable cells/ml in Annexin V binding buffer (MingRui Biotechnology Co., Ltd.). Subsequently, 5 ml Annexin V/FITC, at a final concentration of 50 µg/ml, was added to the cell suspension with 10 µl propidium iodide, at a final concentration of 1 µg/ml. The cell solution was incubated for 15 min at room temperature in the dark. Following incubation, the stained cells were immediately analyzed using a flow cytometer (FACSCalibur; Bio-Rad Laboratories, Inc.). Each experiment was performed in triplicate and repeated at least three times.
Animal experiments. A total of 12 nude mice (nu/nu-nuBR), aged 4 weeks old and weighing 14-16 g, were obtained from the Shanghai Laboratory Animal Center, Chinese Academy of Science. The animals were housed in a specific pathogen-free environment with a constant temperature between 25 and 27˚C in a 12/12 h light/dark cycle. The mice were fed with a standard pellet diet and water ad libitum. The present study was approved by the ethics committee of The Second Military Medical University (Shanghai, China) and was performed in compliance with the regulations of the Administration of Experimental Animals of the State Council in China.
The nude mice were anesthetized using 1% sodium pentobarbital (Shenggong Biotech Co., Ltd.) and surgery was performed to expose the pancreas and spleen. A total of 5x10 7 pancreatic cancer, PANC-1 or BXPC-3 cells, transfected with Wnt5a-overexpressing or empty vector, were injected into the pancreatic parenchyma, close to the hilum of the spleen. Subsequently, the pancreas was relocated into the abdominal 
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cavity, which was then closed in two layers using 6-0 absorbable vicryl sutures [Anhui Kangning Industrial (Group) Co., Ltd, Shanghai, China]. The animals were divided into 4 groups, PANC-1-Wnt5a-overexpressing, PANC-1-mock control, BXPC-3-Wnt5a-overexpressing and BXPC-3-mock control, according to the different cells injected. Each group consisted of three animals. When the orthotopic tumors reached a size of 1-2 cm in diameter, the mice were sacrificed by exposure to CO 2 followed by cervical dislocation. Images of the pancreatic tissues with tumor lesions were captured using a DSC-HX50 Sony camera (Sony Corporation, Tokyo, Japan), and the xenografts were resected, fixed in formalin (Shenggong Biotech Co., Ltd.), embedded in paraffin (Shenggong Biotech Co., Ltd.) and cut into 0. Abcam; 1:100) were incubated with the tissue sections for 2 h at room temperature. The tissue sections were then treated with biotinylated polyclonal anti-rabbit secondary antibodies (cat. no. ab6720; Abcam; 1:1,000), followed by incubation with streptavidin-horseradish peroxidase complex (Santa Cruz Biotechnology, Inc.) for 30 min at room temperature. Immunoreactivity was visualized with diaminobenzidine (Sigma-Aldrich). The tissue sections were then counterstained with hematoxylin (ShengGong Biotechnology Co., Ltd.). Wnt5a staining was predominantly located in the cell cytoplasm and nuclei, whereas Ki67 staining in the nuclei. The proportion of positive tumor cells was scored.
Statistical analysis. Statistical analyses were performed using the SPSS 17 software package (SPSS, Inc., Chicago, IL, USA). Differences in the means were determined using Student's t-test or one-way analysis of variance followed by Tukey's post-hoc test. P≤0.05 was considered to indicate a statistically significant difference.
Results

Wnt5a induces pancreatic cancer cell viability and colony formation. Stable Wnt5a-overexpressing or Wnt5a
siRNA-expressing pancreatic cancer cell lines were established following gene transfection and confirmed using 
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immunoblot analysis (Fig. 1A) . A subsequent cell viability assay showed that the cell density of PANC-1 and BXPC-3 cells was significantly different among the groups following seven days of culture (Fig. 1B) . Statistical data confirmed that the numbers of viable cells were significantly higher in the Wnt5a-overexpressing cells, compared with that in the control cells (P<0.05; Fig. 1B-D) . By contrast, siRNA-mediated silencing of the expression of Wnt5a significantly reduced cell viability, compared with the control (P<0.05; Fig. 1B-D) .
Furthermore, as shown in Fig.2A , the Wnt5a-overexpressing PANC-1 and BXPC-3 cells formed an increased number of colonies, compared with the control cells (211.9 and 180.7%, respectively; P<0.05; Fig.2B and C) . The siRNA transfected Wnt5a PANC-1 and BXPC-3 cells exhibited a significant decrease in colony formation, compared with the control cells (32.8% for PANC-1 and 35.77% for BXPC-3; P<0.05; Fig. 2B and C) .
Overexpression of Wnt5a inhibits tumor cell apoptosis.
An Annexin V-FITC kit was used to further assess the effect of Wnt5a on pancreatic cancer apoptosis in vivo. Cells stained with Annexin V + /PI -(in Q3) are apoptotic. Compared with the control, the levels of apoptosis were significantly decreased in the Wnt5a-overexpressing PANC-1 and BXPC-3 cell lines (P<0.05), whereas an elevated rate of tumor cell apoptosis occurred in the siRNA-transfected tumor cells (Fig. 3) . 
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Wnt5a induces pancreatic cancer cell xenograft growth in an orthotopic nude mouse model. Following the in vitro investigations, the present study investigated the in vivo effects of Wnt5a on tumor growth using an orthotopic mouse model. The PANC-1 and BXPC-3 cells overexpressing Wnt5a were injected orthotopically into the pancreatic parenchyma, and empty vector-transfected cells were used as a control (Fig. 4A) . The data showed that, consistent with the results of the in vitro assays, the average tumor size of the Wnt5a-overexpressing group was significantly larger, compared with that of the control group (P<0.05; Fig. 4B-D) . Microscopic examination showed that PANC-1 and BXPC-3 cells exhibited different histological morphologies (Fig.4E) . In addition, microscopic examination and immunohistochemistry analysis demonstrated that the Wnt5a-overexpressing tumors exhibited increased protein expression levels of Ki67 (Fig. 5) .
β-catenin mediates the effects of Wnt5a on pancreatic cancer cells. To examine the molecular mechanisms mediating the effects of Wnt5a overexpression in pancreatic cancer cells, the present study pre-transfected β-catenin siRNA into pancreatic cancer cells, and then treated the cells with a recombinant Wnt5a peptide (200 ng/well). The data showed that the depletion of β-catenin reversed the effects of Wnt5a overexpression on the levels of apoptosis in the PANC-1 and BXPC-3 cells (Fig. 6A and B) .
Discussion
Previous studies have demonstrated that Wnt5a can modulate various cell activities, including cell migration (18), adhesion (19) , invasion (20) and differentiation (21) . Specifically, Wnt5a promotes the progression of prostate and lung cancer cells (22, 23) , however it is able to suppress tumor progression in thyroid carcinoma cells (24) . In the present study, the effects of Wnt5a overexpression and knockdown on the proliferation of pancreatic cancer cells were examined. The results demonstrated that overexpression of the Wnt5a protein induced tumor cell viability and clonogenicity, but inhibited apoptosis in the two pancreatic cancer cell lines in vitro, and increased tumor growth in an orthotopic nude mouse model. By contrast, knockdown of the expression of Wnt5a reduced tumor cell viability and promoted apoptosis. At a molecular level, β-catenin mediated the effects of Wnt5a on the pancreatic cancer cells. The data from the present study indicated that Wnt5a is involved in the modulation of pancreatic cancer cell proliferation, and that Wnt5a may be a potential target for pancreatic cancer therapy.
PANC-1 and BXPC-3 cells are moderately to poorly differentiated pancreatic cancer cell lines with different morphological phenotypes and proliferative potential. When cultured in vitro, the PANC-1 cells were spindle-shaped and scattered in growth, whereas the BXPC-3 cells were arranged in nets with a polygonal shape. Despite their differences, the present study obtained consistent results following Wnt5a manipulation in vitro and in the orthotopic nude mouse model. A previous study by Ripka et al (25) demonstrated that transient knockdown of Wnt5a using hWNT5A-siRNA reduces the viability of the PANC-1 and MiaPaca2 pancreatic cancer cells, consistent with the data obtained in the present study. In addition, a clonogenicity assay was used in the present study to assess the group dependency of individual tumor cells and single cell proliferation capability in vitro. Several studies have indicated that Wnt5a has an effect on clonogenicity in different cancer cell lines. For example, Li et al showed that the ectopic expression of Wnt5a results in a significant inhibition of clonogenicity in esophageal squamous cell carcinoma cells (26) , whereas Ying et al showed that transfection of a dominant-negative Wnt5a, a nonfunctional short isoform with the WNT domain deleted, results in substantial inhibition of colorectal cancer cell clonogenicity (27) and K562 tumor cell clonogenicity (28) . However, Kremenevskaja et al showed that transfection of Wnt5a in a FTC-133 thyroid tumor cell line reduces cell clonogenicity (24) . The results of these previous studies indicate that Wnt5a is tumor type-specific and/or dependent on the whole Wnt5a gene pathway, and may not be just a Wnt5a protein. In the present study, the data showed that pancreatic cancer cell lines overexpressing Wnt5a protein enhanced clonogenicity, whereas suppression of Wnt5a reduced clonogenicity.
Furthermore, the role of Wnt5a in cell apoptosis has been shown to be controversial in previous reports and appears to be cell type-specific. Several studies have indicated that Wnt5a has anti-apoptotic actions in different cell lines. For example, the expression of Wnt5a inhibits serum starvation-induced apoptosis in primarily cultured human dermal fibroblasts (29) , HEK293 cells (30), MC3T3-E1 osteoblast cells (31) and isolated germinal center B cells (32) . In addition, Vuga et al showed that the expression of Wnt5a induces resistance to H 2 O 2 -induced apoptosis in fibroblasts isolated from lung tissues with interstitial pneumonia (33) . However, additional studies have reported that Wnt5a has a pro-apoptotic action. Liang et al showed that loss of Wnt5a inhibits the apoptosis of CD4 + /CD8 + thymocytes, whereas exogenous Wnt5a increases the apoptosis of fetal thymocytes in vitro (34). Peng et al (35) showed that Wnt5a markedly increases serum starvation-induced apoptosis in placental choriocarcinoma cells, compared with untransfected control cells. In the present study, the results revealed that overexpression of the Wnt5a protein promoted tumor cell survival/resistance to apoptosis in the pancreatic cancer cell lines, whereas downregulation of the Wnt5a protein promoted cell apoptosis. These data indicated a possible effect of Wnt5a on the regulation of survival and resistance to apoptosis in pancreatic cancer cells. Furthermore, the data obtained using the orthotopic nude mouse model showed that the overexpression of Wnt5a promoted tumor growth and increased the protein expression of Ki67 in tumor xenografts. Taken together, these data indicate that Wnt5a exerted distinct effects on the pancreatic cancer cells through the promotion of tumor growth and the inhibition of tumor cell apoptosis. As such, it acts as an oncogene in pancreatic cancer.
Although Wnt5a, as a non-canonical Wnt, is involved in almost all aspects of the non-canonical Wnt signaling pathway, previous studies have shown that Wnt5a is able to activate β-catenin signaling, based on specific receptor availability (36) . Wnt5a is able to switch between two considerably diverse forms of signaling (37, 38) . Increasing evidence indicates a critical role for the Wnt5a-β-catenin signaling pathway in the pathogenesis of pancreatic cancer (39, 40) . It has been reported that the addition of recombinant Wnt5a leads to increased nuclear β-catenin in PANC-1 cells, as well as a significant increase in T-cell factor/lymphoid enhancer factor-dependent reporter activity (25) , indicating the activation of the canonical signaling pathway. Wang et al (39) also documented that expression of the ataxia-telangiectasia group D complementing gene increases the levels of β-catenin in pancreatic cancer, consequently facilitating tumor growth and metastasis. In our previous study, data revealed the promotion of β-catenin nuclear translocation in PANC-1 and BXPC-3 cells by exposure to recombinant Wnt5a (17) . In the present study, it was observed that the depletion of β-catenin reversed the effects of the recombinant Wnt5a protein on the apoptosis of pancreatic cancer cells. This indicated that the Wnt5a-β-catenin canonical pathway was involved in pancreatic cancer cell behavior and in the progression of pancreatic cancer.
The data presented in the present study provide significant support for a role for Wnt5a in the development of pancreatic cancer, and are consistent with our previous findings, which showed altered expression of Wnt5a in pancreatic cancer tissues and an association of Wnt5a with certain clinicopathological data (17) . However, the results of the present study can be considered as proof-of-principle, and further investigation is required to clarify the role of Wnt5a in pancreatic cancer. Future investigations aim to further elucidate the molecular mechanism underlying the effects of Wnt5a in pancreatic cancer.
